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Abstract

This study investigated four apple cultivars—Golden Venus (VG), Ruixue (RX), Ruixianghong (RXH), and Red Fuji (RFJ)—grown in the low-latitude, high-
altitude ecology of Zhaotong, analyzing their phenotypic, nutritional, and flavor characteristics alongside untargeted metabolomics. Results showed RFJ
had the largest fruit size and weight, while VG, RX, and RXH excelled in total sugars and total soluble solids (TSS). In functional quality, RXH displayed the
highest total polyphenols, anthocyanins, and antioxidant activity, whereas VG was richest in vitamins C and E. Electronic sensory analysis (e-nose and
e-tongue) revealed predominantly fresh and sweet taste profiles across all cultivars, with RX releasing significantly stronger sulfide-related volatile
compounds. Metabolomic profiling demonstrated sharp inter-cultivar differentiation driven by carbohydrate and amino acid pathways, with the pentose
phosphate pathway most significantly enriched. Correlation analysis revealed a potential trade-off between key quality indices—such as TSS and soluble
sugars—and free amino acids (e.g., L-isoleucine). Concurrently, electronic sensory attributes (acidity, bitterness/astringency) were closely associated with
the dynamic changes in primary metabolites, including polysaccharides and free amino acids. Overall, this study elucidates the metabolic regulatory

mechanisms governing flavor and quality formation in Zhaotong apples, providing a scientific basis for regional cultivar improvement.
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Introduction

Apple (Malus domestica Borkh.), a member of the genus Malus
within the family Rosaceae, ranks among the four major cultivated
fruits globally!™l. As the prominent global leader in pomology, China
continuously drives international apple production, accounting for
over half of the global annual yield and firmly maintaining its top
rank worldwide!?. Zhaotong apple production represents one of the
most critical pillar industries driving the agricultural economy and
rural revitalization in Zhaotong City, Chinal®l. Owing to the unique
geographical advantages of low latitude and high altitude, coupled
with abundant sunlight and significant diurnal temperature varia-
tions, Zhaotong apples exhibit high soluble solids content, a crisp
and fine flesh texture, and a rich flavor profile. These distinctive
attributes endow them with strong market competitiveness and
high consumer preference.

However, the Zhaotong apple industry currently suffers from an
imbalanced varietal structure characterized by a prominent lack of
diversity. Mid-to-late maturing varieties, dominated by 'Red Fuji',
account for over 65% of the total production, whereas early- and
mid-maturing varieties are severely deficient. With shifting con-
sumer demands for enhanced apple quality and varietal diversity,
alongside intensifying industrial competition, the existing varietal
structure dominated by mid-to-late maturing 'Red Fuji' can no
longer satisfy market requirements. In recent years, mid-maturing
apple cultivars such as 'Venus Gold', 'Ruixue’, and 'Ruixianghong'
have emerged as prime candidates for structural adjustment in
Zhaotong due to their optimal ripening periods, superior quality,
and high market value. Nevertheless, driven by the pursuit of high
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economic returns from mid-maturing varieties, growers often intro-
duce these cultivars blindly. Poor regional adaptability and unchar-
acterized nutritional profiles risk introduction failure and economic
loss. Consequently, this study comprehensively evaluates intro-
duced mid-maturing apple cultivars in Zhaotong to establish rigor-
ous selection and quality criteria. Nutritional quality dictates market
competitiveness and germplasm utilization. Beyond conventional
indices (sugars, organic acids, vitamin C, soluble solids) and mineral
profiling (potassium, calcium, magnesium, micronutrients) that
reflect foundational value, integrating advanced analytical tech-
nigues and electronic sensory evaluation provides objective, multi-
dimensional assessment frameworks for cultivar screening-., Fur-
thermore, objective evaluation and recognition methods powered
by electronic sensory systems, such as electronic noses and elec-
tronic tongues, enable the objective, rapid, and non-destructive
assessment of fruit traits”:8l. Concurrently, widely targeted metabo-
lomics based on ultra-high-performance liquid chromatography-
quadrupole time-of-flight mass spectrometry (UPLC-Q-TOF-MS) or
gas chromatography-mass spectrometry (GC-MS) allows for the
systematic elucidation of the molecular mechanisms underlying
fruit quality formation at the metabolite level. This facilitates the
screening of differential metabolic markers, thereby providing a
deeper scientific foundation for quality evaluation®'%l, These
methodologies have been systematically applied to evaluate fruit
quality across various fruit trees, including goji berry, kiwifruit,
grape, mango, and citrusl''-13, However, existing studies have
predominantly focused on single quality traits or conventional
nutritional component analysis; comprehensive evaluations of mid-
maturing apple cultivars integrated with multi-omics data remain
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scarce. Currently, there is a lack of systematic research comparing
the nutritional variations among the introduced cultivars 'Venus
Gold', 'Ruixue’, and 'Ruixianghong' and the primary cultivated vari-
ety 'Red Fuji' in the Zhaotong region. Crucially, a comprehensive
evaluation framework bridging nutritional quality, mineral elements,
sensory attributes, and widely targeted metabolomics has not yet
been established. This deficiency in scientific and standardized
nutritional evaluation criteria and screening methodologies heavily
constrains the evidence-based introduction and promotion of mid-
maturing cultivars in Zhaotong.

In this study, the mid-maturing apple cultivars 'Venus Gold',
'Ruixue’, and 'Ruixianghong' introduced and cultivated in the Zhao-
tong region, alongside the primary late-maturing cultivar 'Red Fuji',
were selected as the research subjects. A multi-dimensional analyti-
cal approach was deployed to systematically evaluate the core qual-
ity traits of these different apple cultivars. This approach encom-
passed nutritional quality indices (soluble sugars, total acidity,
sugar-acid ratio, vitamin C, soluble protein, and soluble solids con-
tent), mineral elements (potassium, calcium, magnesium, iron, zinc,
and selenium), electronic sensory evaluations via electronic nose
and electronic tongue, and untargeted metabolomic characteriza-
tion. To construct a comprehensive nutritional quality evaluation
framework for mid-maturing apples, descriptive statistical analysis,
principal component analysis (PCA), hierarchical cluster analysis
(HCA), orthogonal partial least squares-discriminant analysis (OPLS-
DA), and Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way enrichment analysis were employed. This study aims to clarify
the variations in fruit nutritional quality performance among apple
cultivars with different ripening periods under the unique low-lati-
tude and high-altitude climate conditions of Zhaotong. Further-
more, it seeks to identify key differential metabolites and metabolic
pathways that characterize mid-maturing varieties, and establish a
multi-omics data-driven nutritional quality evaluation model. Ulti-
mately, these findings will provide a solid theoretical foundation
and technical support for structural adjustments of apple varieties,
the scientific promotion of mid-maturing cultivars, and the high-
quality development and utilization of germplasm resources in
Zhaotong.

Materials and methods

Experimental materials

Plant materials: Four economically significant apple cultivars
(Malus domestica) grown in Zhaotong City, Yunnan Province, China—
namely 'Golden Venus' (VG), 'Ruixue' (RX), 'Ruixianghong' (RXH),
and 'Red Fuji' (RFJ)—were selected as experimental materials. Fruit
were harvested in mid-October from a standardized demonstration
orchard in Zhaotong's core production belt (27°20" N, 103°42' E; alti-
tude 1,950 m a.s.l.). All test trees were 6-year-old scions grafted onto
Malus robusta Rehd. rootstocks, trained to a slender spindle architec-
ture at a spacing of 1.5 m x 4 m, and managed under uniform horti-
cultural conditions, including drip irrigation, localized fertigation,
and integrated pest management. Commercial harvest maturity
across cultivars was strictly standardized using the Cornell starch—
iodine index (scale 1-8, target 5.0-6.0), fruit firmness (6.5-7.5 kg/cm?
via FT-327 penetrometer), and characteristic background skin colora-
tion. Sampling followed a randomized complete block design: for
each cultivar, 30 uniform, defect-free fruits were hand-harvested
from the outer and middle canopies of 10 representative trees
(three fruit per tree) and transported to the laboratory at 4 °C within
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2 h. After non-destructive physical evaluations, equatorial mesocarp
tissues were quickly excised—excluding the ~1 mm peel and core
carpel tissue—pooled, flash-frozen in liquid nitrogen, and stored
at —80 °C until analysis; six and five independent biological repli-
cates were prepared for metabolomic profiling and physicochemi-
cal determinations, respectively, with each replicate derived from a
homogenized pool of five to six fruit.

Phenotypic measurement

Extrinsic quality measurement: The mass of a single fruit (fruit,
FW) is measured using a Mettler electronic balance MA204E. The
longitudinal diameter (LD) and transverse diameter (TD) of the fruit
are measured using a digital vernier caliper, with the maximum and
minimum values recorded.

Internal quality indicators
Determination of total soluble solids content (TSS)

Five grams of apple pulp were taken, and 25 mL of deionized
water was added to extract juice. The mixture was centrifuged at
4 °Cand 12,000 r/min for 10 min, and the supernatant was collected.
A handheld digital refractometer was used to measure the total
soluble solids (TSS) content of the sample. This process was
repeated three times for each sample, and the average value was
taken. The result is expressed as a %!'6l.

Determination of total soluble sugar content

A 1.0 g sample of apple homogenate was taken, and 5.0 mL of
deionized water, 200 uL of 15% K,(Fe[CN]y), and 200 pL of 30%
ZnSO, were added, then sealed with a double-layer sealing film,
vortexed for 5 min, centrifuged at 10,000 r/min at low temperature
for 15 min, and the supernatant was taken. The filtrate was diluted
with ultrapure water 10 times, and 5.0 pL was taken for injection.
The chromatographic column is an Asahipak NH,P-50 (250 mm X
4.6 mm, 5 um), the column temperature is 30 °C, and an evaporative
light scattering detector is used. The mobile phase consisted of
water (phase A) and acetonitrile (phase B) (1:3, v/v) under isocratic
elution at a flow rate of 1.0 mL/min. Quantification of sorbitol,
sucrose, glucose, and fructose was performed using the external
standard method with mixed reference standards, and each sample
was analyzed in triplicatel'7],

Determination of total acidity (TA)

A 5.0 g sample of apple homogenate was weighed and diluted to
a final volume of 50 mL using deionized water. The mixture was
then titrated to a fixed endpoint of pH 8.1 with a 0.1 mol/L sodium
hydroxide standard solution using an automatic potentiometric
titrator, and the total volume of the consumed sodium hydroxide
solution was recorded. The final titratable acidity content was deter-
mined based on the volume of sodium hydroxide consumed, its
molar concentration, the initial sample mass, and the specific con-
version factor for malic acid, with the final value expressed as malic
acid equivalent(8l,

Determination of total dietary fiber (TDF) content

A 1.0 g sample of apple homogenate was weighed and mixed
with 50 mL of MES-TRIS buffer. Enzymatic hydrolysis was sequen-
tially performed by adding a-amylase (at 95 °C for 35 min), protease
(at 60 °C for 30 min), and amyloglucosidase (at 60 °C for 30 min). The
mixture was then precipitated with four volumes of 95% ethanol
and filtered to collect the residue. The obtained residue was washed
sequentially with 78% ethanol, 95% ethanol, and acetone, followed
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by drying at 105 °C until a constant weight was achieved. After
correcting for protein and ash contents determined from the
residue, the total dietary fiber content was expressed as g/100 g on
a dry weight basis!'9.

Determination of soluble pectin (SP) content

A 5.0 g sample of apple homogenate was weighed, mixed with
50 mL of distilled water preheated to 70 °C, and stirred continuously
for 1 h to extract soluble pectin. The mixture was then centrifuged,
and the supernatant was collected and diluted to a final volume of
100 mL. A 1 mL aliquot of the extract was transferred to a tube, and
6 mL of concentrated sulfuric acid was added under an ice-water
bath. After thorough mixing, 0.2 mL of a 0.15% carbazole-absolute
ethanol solution was added, and the mixture was homogenized
completely. The mixture was allowed to stand at room temperature
for 2 h, after which the absorbance was measured at a wavelength
of 530 nm. The soluble pectin content was quantified using a stan-
dard curve generated with D-galacturonic acid, and the final results
were expressed as g/100 g(20],

Nutritional quality parameters
Determination of total phenolic content (TPC)

A 1.0 g sample of apple homogenate was accurately weighed into
a centrifuge tube, mixed with an appropriate volume (10-20 mL) of
an 80% methanol (or ethanol) solution, and subjected to ultrasonic
extraction for 30 min under dark conditions. The mixture was then
centrifuged at 8,000 rpm for 10 min to collect the supernatant. The
remaining residue was re-extracted once following the same proce-
dure, and the combined supernatants were precisely diluted to a
final volume of 25 mL in a volumetric flask with the extraction
solvent to serve as the sample extract. For the colorimetric reaction,
a 1.0 mL aliquot of the sample extract was transferred to a test tube,
followed by the sequential addition of 1.0 mL of Folin-Ciocalteu
reagent and 2.0 mL of a 7.5% (w/v) sodium carbonate (Na,COs3) solu-
tion. The mixture was diluted to a constant volume with distilled
water, thoroughly homogenized, and allowed to react in a water
bath at 30 °C for 1 h in the dark to form a stable blue complex.
Finally, the absorbance of the reaction mixture was measured at
765 nm using a spectrophotometer. The total phenolic content was
quantified against a simultaneously prepared gallic acid standard
calibration curve and expressed per gram of apple sample(2'22,

Determination of total anthocyanin content (TAC)

Apple peel or pulp powder (1.0 g) was mixed with 20 mL of a 1%
HCl-methanol solution and extracted at 4 °C in the dark for 24 h. The
mixture was centrifuged at 8,000 r/min for 10 min, and the super-
natant was collected and diluted to 25 mL. A 1 mL aliquot of this
extract was diluted to a final volume of 10 mL using a pH 1.0 potas-
sium chloride buffer (0.025 mol/L), and another 1 mL aliquot was
similarly diluted to 10 mL using a pH 4.5 sodium acetate buffer
(0.4 mol/L). After equilibration at room temperature for 15 min, the
absorbance of both dilutions was measured at 510 and 700 nm
using the respective buffers as blanks. The total anthocyanin con-
tent was determined using the pH differential method and calcu-
lated as cyanidin-3-O-glucoside equivalents (mg/100 g). Each sample
was analyzed in triplicatel23,

Determination of vitamin C (VC) content

A 1.0 g sample of apple puree was homogenized with 4.0 g of an
extraction buffer (pH 2.0) containing 10.0 g/L metaphosphoric acid
and 5.0 g/L oxalic acid, and vortexed thoroughly to ensure complete
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dispersion. The mixture was centrifuged at 10,000 X g for 30 min at
4 °C, and the supernatant was collected as the crude vitamin C
extract. To prepare the total vitamin C analytical solution, a phos-
phate buffer containing 2.5 mmol/L TCEP was added to the extract
to adjust the system pH to 3.5; the mixture was homogenized,
centrifuged at 10,000 x g for 15 min at 4 °C, and filtered through a
0.45 um organic phase membrane filter. To prepare the reduced
ascorbic acid analytical solution, a 0.1 mol/L phosphate buffer (pH
2.0) was added to the extract to adjust the pH to 3.5, processed
under identical centrifugation conditions for 15 min, and filtered
through a 0.45 pum membrane filter. For chromatographic analysis
and quantification, a 25 plL aliquot of each analytical solution was
injected into a reversed-phase high-performance liquid chromatog-
raphy (RP-HPLC) system. Separation was performed on a TC-C;g
(250 mm X 4.6 mm, 5 um) utilizing a mobile phase consisting of
a mixed solution containing 1.0 mmol/L EDTA and 10.0 mmol/L
CH;COONH, (pH 3.0) at a flow rate of 0.8 mL/min, with UV detection
at 245 nm. Absolute quantification was achieved using an external
standard curve established with an ascorbic acid standard(24,

Determination of vitamin E (VE) content

A 1.0 g sample of apple puree was mixed with absolute ethanol
and the antioxidant butylated hydroxytoluene (BHT), and subse-
quently subjected to ultrasonic extraction using n-hexane. The
collected organic phase was washed until neutral, dehydrated with
anhydrous sodium sulfate, and concentrated to dryness under a low-
temperature nitrogen stream or via rotary evaporation. The result-
ing residue was reconstituted in a chromatographic-grade solvent
and filtered through a 0.22 pm microfiltration membrane for sub-
sequent analysis. Chromatographic separation was conducted on
a C18 reversed-phase column utilizing a methanol-water mobile
phase system. Detection was achieved using a fluorescence detec-
tor (excitation wavelength: 294 nm, emission wavelength: 328 nm).
Vitamin E was qualitatively identified based on retention time and
precisely quantified using the external standard method based on
peak area calibration curves(2°],

Evaluation of antioxidant activities
ABTS radical scavenging activity assay

A 20 pl aliquot of the diluted apple homogenate was added to
a 96-well plate, followed by the sequential addition of 160 pL of
phosphate buffer (pH 7.2) and 40 pl of a stable ABTS* working solu-
tion. The working solution was prepared by reacting 7 mM ABTS
with 2.45 mM potassium persulfate in the dark for 16 h and sub-
sequently diluting the mixture with ethanol to achieve an
absorbance at 734 nm. After incubation at room temperature in the
dark for 15 min, the absorbance was measured at 734 nm. The phos-
phate buffer was used as the blank control, and the radical scaveng-
ing rate was calculated accordingly!29],

DPPH radical scavenging activity and Ferric Reducing
Antioxidant Power (FRAP) assays

For the DPPH assay, a 20 pL aliquot of the diluted apple sample
was mixed with 160 pL of phosphate buffer (pH 7.2) and 40 plL of a
0.2 mM DPPH-ethanol solution. Following a 15 min reaction period
at room temperature in the dark, the absorbance was measured at
517 nm. A mixture of the buffer and DPPH solution served as the
blank control, with ascorbic acid utilized as the positive control to
determine the scavenging rate and the half-maximal inhibitory
concentration ICs, valuel27.,
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Electronic nose (e-nose) analysis

A 10 g portion of apple pulp collected from the equatorial meso-
carp was finely chopped and rapidly sealed into a 50 mL headspace
vial, followed by equilibration at room temperature (25 + 1 °C) for
30 min to enrich headspace volatile organic compounds. Volatile
aroma profiling was conducted using a PEN3 portable electronic
nose system (Airsense Analytics GmbH, Schwerin, Germany)
equipped with an array of 10 metal oxide semiconductor (MOS)
sensors (W1C, aromatic compounds; W5S, nitrogen oxides; W3C,
ammonia and aromatic components; W6S, hydrogen; W5C, alkanes
and aromatic components; W1S, broad-methane; W1W, sulfur com-
pounds; W2S, broad-alcohols; W2W, aromatic and sulfur-containing
compounds; and W3S, methane-aliphatics). Zero-grade dry air
filtered through activated charcoal was used as the carrier gas at
a constant flow rate of 150 mL/min to flush the system (120 s)
and establish a stable baseline (zeroing time: 10 s) prior to each
measurement. The operational parameters were configured with a
pre-sampling time of 5 s, a sampling interval of 1 s, and a total con-
tinuous detection time of 120 s. The feature response value for each
sensor was extracted as the average relative conductivity (G/G,
where G and G, represent the sensor conductivity in the sample
headspace gas and reference clean air, respectively) during the
steady-state response plateau between 100 and 115 s. The result-
ing feature datasets were zero-centered, normalized, and compiled
into data matrices for radar chart visualization and downstream
multivariate chemometric analyses (n = 5 independent biological
replicates)[28],

Electronic tongue (e-tongue) analysis

A 20 g sample of apple pulp was mixed with 100 mL of ultrapure
water, homogenized in an ice-water bath, and extracted at 4 °C for
30 min. The mixture was centrifuged at 8,000 x g for 10 min, and
the supernatant was filtered through a 0.45 pm microfiltration
membrane to yield the liquid sample extract. Taste profile evalua-
tion was conducted using an SA402B electronic tongue system
(Insent Inc., Atsugi-shi, Japan) equipped with five lipid membrane
potentiometric taste sensors—sourness (CAO0), bitterness (C00),
astringency (AE1), umami (AAE), and saltiness (CT0)—as well as
three secondary sensors monitoring aftertastes (aftertaste-A: astrin-
gency aftertaste; aftertaste-B: bitterness aftertaste; richness: umami
aftertaste). Prior to measurement, the sensor array was calibrated in
a standard reference solution (30 mM KCl and 0.3 mM tartaric acid)
until resting potentials reached equilibrium. An 80 mL aliquot of
the filtrate was placed into a specialized sample cup. The sensors
were sequentially immersed into the sample solution, with data
acquisition sustained for 120 s per sample. The stable potentiomet-
ric membrane potential output (mV) recorded at 120 s relative to
the reference solution baseline was extracted as the characteristic
feature score for each taste attribute. Between successive sample
runs, sensors underwent a two-step cleaning protocol, and poten-
tial sensor drift and response repeatability were evaluated prior to
multivariate chemometric analysis (n = 5)129],

Untargeted metabolomics (UPLC-MS/MS)
analysis

Sample preparation: Apple flesh stored at —80 °C was ground
under liquid nitrogen, and a 100 mg aliquot was extracted with
1.0 mL of pre-cooled methanol/water (4:1, v/v) containing 10 pg/mL
2-chloro-L-phenylalanine as an internal standard. Following vortex-
ing (1 min), ultrasonic extraction (4 °C, 30 min), protein precipita-
tion (=20 °C, 1 h), and centrifugation (12,000 x g, 15 min, 4 °C), the

Page4of12

https://doi.org/10.48130/frures-0026-0037

supernatants were filtered through 0.22 um PTFE membranes (n =6
biological replicates per cultivar). Equal aliquots (20 ulL) from each
sample were pooled to generate quality control (QC) samples, which
were injected every six runs throughout the sequence to ensure
system stability and repeatability (RSD of internal standard peak
area < 5.0%). Chromatographic separation was conducted on an
ACQUITY UPLC HSS T3 column (100 mm x 2.1 mm, 1.8 um; Waters
Corp.) at 40 °C with a flow rate of 0.4 mL/min and an injection volume
of 4 uL, utilizing a gradient mobile phase of 0.1% formic acid in
water (A) and acetonitrile (B) (0-2 min, 5% B; 2-25 min, 5%-95% B;
25-27 min, 95% B; 27-28 min, 95%-5% B; 28-30 min, 5% B). Mass
spectrometry was executed on a high-resolution Q-TOF-MS system
operating in both ESI+ (3.0 kV) and ESI- (2.5 kV) modes across
m/z 50-1,200 via data-dependent acquisition (DDA; collision
energy: 20-45 eV). Raw data were preprocessed in Progenesis QI
(v3.0, Waters) for automated baseline correction, peak alignment,
and normalization. Metabolite identification strictly complied with
Metabolomics Standards Initiative (MSI) Level 2 criteria: precursor
mass tolerance was constrained within < 5 x 1076, and experimental
MS/MS fragmentation patterns were matched against HMDB,
METLIN, and MassBank with a spectral similarity score threshold
> 70%. Differentially accumulated metabolites (DAMs) were screened
based on orthogonal partial least squares discriminant analysis
(OPLS-DA) and univariate testing using the combined criteria of
variable importance in projection (VIP) > 1.0, fold change (FC) 2 1.5
or £0.67, and false discovery rate (FDR)-adjusted p < 0.05[30,

Statistical analysis

Agronomic, physicochemical, and functional quality parameters
are presented as mean * SEM. Differences among the four cultivars
were evaluated by one-way analysis of variance (ANOVA) followed
by Tukey's HSD post-hoc test. For untargeted metabolomics, data
matrices were Pareto-scaled prior to multivariate chemometrics.
Principal component analysis (PCA) and orthogonal partial least
squares-discriminant analysis (OPLS-DA) were performed using the
ropls package in R (v4.2.1). Model robustness and overfitting were
evaluated by 7-fold cross-validation and rigorous 200-iteration
permutation tests (R2Y and Q? intercepts). Univariate significance
testing for metabolites was executed using two-tailed Student's
t-tests, with false discovery rates (FDR) controlled via the Benjamini—
Hochberg procedure (g < 0.05). KEGG metabolic pathway topology
and hypergeometric enrichment analyses were conducted using
MetaboAnalyst 5.0. Pairwise associations between quality traits,
electronic sensor parameters, and differential metabolites were
computed using Pearson's correlation coefficient (r) with the R
package corrplot.

Results

Evaluation of fruit phenotypic and physical
characteristics

The fruit appearance quality traits of four apple cultivars—namely,
VG, RX, RXH, and RFJ—cultivated in the Zhaotong region were
systematically evaluated (Fig. 1a). Statistical analysis of the fruit
longitudinal diameter, transverse diameter, and single-fruit weight
revealed no significant differences in any of these parameters
among the three mid-maturing cultivars (VG, RX, and RXH). In con-
trast, the transverse diameter of the RFJ cultivar was significantly
larger than that of the other three varieties, reaching an average
of 8.26 cm and demonstrating a distinctly larger fruit size profile.

Li et al. Fruit Research 2026, 6: €043


https://doi.org/10.48130/frures-0026-0037
https://doi.org/10.48130/frures-0026-0037
https://doi.org/10.48130/frures-0026-0037
https://doi.org/10.48130/frures-0026-0037
https://doi.org/10.48130/frures-0026-0037

Fruit

https://doi.org/10.48130/frures-0026-0037 Research
a b, C 10 d 55
ns
ns
@ = 6, ns = | 8 | a_
5 6 , iE’/ : ns ns ns 20 ns A3 ns
5 g 3
® 0 g = 150
£ £ =
RX 3 4 3 §
g 8 a4 = 100
-} 7] 2
S 2 2 w
2 24 H
S T 2 50—
= =
0 T T o T T 0 T T
RFJ RXH VG RX RXH RFJ VG RX RXH RFJ VG RX RXH RFJ

Fig. 1 Comparison of fruit phenotypic and physical characteristics among four apple cultivars. (a) Representative photographs of 'Golden Venus' (VG),
'Ruixue' (RX), 'Ruixianghong' (RXH), and 'Red Fuji' (RFJ) apple fruit grown in Zhaotong. Statistical comparisons of fruit (b) longitudinal diameter, (c)
transverse diameter, and (d) single-fruit weight. Data represent mean + SEM (n = 5). Different lowercase letters indicate statistically significant differences

among cultivars according to one-way ANOVA with Tukey's HSD test (p < 0.05).

However, no statistically significant differences were observed in the
longitudinal diameter among all four cultivars. This indicates that
the larger size of 'Red Fuji' fruit is primarily driven by lateral develop-
ment, resulting in a more robust and oblate overall fruit shape
(Fig. 1b, c). Similarly, while the single-fruit weight showed no signifi-
cant variation among VG, RX, and RXH, that of the RFJ cultivar was
significantly higher than that of the other three cultivars (Fig. 1d).

Comprehensive analysis of primary fruit quality
attributes among four apple cultivars

The total soluble solids (TSS) and total soluble sugar contents
of the three mid-maturing cultivars—VG, RX, and RXH—were main-
tained at high levels, with all three exhibiting significantly higher
values than the RFJ cultivar (Fig. 2a, b). Notably, the soluble pectin
content in VG was significantly higher than that observed in RX,
RXH, and RFJ (Fig. 2c). Regarding acidity profiles, the total acidity
(TA) content of RX was significantly higher than that of all other
cultivars, followed sequentially by RXH and RFJ, whereas VG exhi-
bited the lowest TA accumulation (Fig. 2d). Furthermore, the TDF
content of RX was significantly greater than that of VG, RXH, and RFJ
(Fig. 2e). Conversely, the RFJ cultivar possessed a significantly higher
total free amino acid content compared to the three mid-maturing
varieties (Fig. 2f). Collectively, these findings demonstrate that VG,
RX, and RXH exhibit superior overall fruit quality attributes under
the unique low-latitude and high-altitude ecological conditions of
the Zhaotong region. Moreover, each mid-maturing cultivar displays
distinct advantages regarding specific functional nutritional compo-
nents (such as dietary fiber and total sugars), thereby providing
diversified, high-quality alternatives for optimizing the local apple
varietal structure.

Profiling of nutritional and functional quality
attributes among four apple cultivars

The nutritional and functional quality attributes of the four apple
cultivars were systematically determined, and the results are illus-
trated in Fig. 3. The RXH cultivar exhibited significantly higher total
phenolic and total anthocyanin contents compared to the other
three groups (Fig. 3a, b). Conversely, the VG cultivar possessed
significantly higher concentrations of vitamin C (VC) and vitamin E
(VE) than the remaining three varieties (Fig. 3¢, d). In terms of func-
tional antioxidant capacity, the RXH cultivar displayed the highest
ABTS radical scavenging activity, followed sequentially by RX and
VG, while RFJ exhibited the lowest activity (Fig. 3e). A highly con-
sistent trend was observed for DPPH radical scavenging activity,
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where RXH demonstrated the most potent capacity, followed by RX
and VG, and RFJ presented the minimum efficacy (Fig. 3f). Collec-
tively, these findings suggest that the antioxidant activities of these
apple cultivars are strongly and positively correlated with their total
phenolic and anthocyanin contents. Mid-maturing cultivars, parti-
cularly RXH, manifest outstanding antioxidant potential, which can
likely be attributed to their elevated accumulation of polyphenols
and flavonoids.

Evaluation of volatile and gustatory flavor
profiles among four apple cultivars

The volatile and gustatory flavor characteristics of VG, RX, RXH,
and RFJ apple cultivars were evaluated and compared utilizing elec-
tronic nose (e-nose) and electronic tongue (e-tongue) systems.
Radar charts generated from the e-nose and e-tongue datasets
revealed that the four apple cultivars shared a highly similar overall
flavor skeleton, though distinct variations were observed in specific
sensor response intensities. Regarding the volatile aroma profiles
(Fig. 4a), all four cultivars elicited pronounced responses on the
W1W (sulfides) and W5S (nitrogen oxides) sensors. Notably, the RX
cultivar exhibited a significantly higher response intensity on the
W1W sensor than the other cultivars, indicating a greater abun-
dance of sulfide-based volatile organic compounds. This was
followed sequentially by the RXH and RFJ cultivars, whereas the VG
cultivar displayed the weakest overall aroma response intensity.
Regarding the gustatory taste profiles (Fig. 4b), the taste wheels of
the four cultivars demonstrated a high degree of overlap, with
'umami' and 'sweetness' constituting the core gustatory attributes
across all samples. At a micro-analytical level, the RXH cultivar dis-
played a marginally higher sweetness response, whereas the RFJ
cultivar exhibited slightly more intense responses for sourness and
saltiness compared to the three mid-maturing cultivars. In conclu-
sion, while the core gustatory dimensions of the four apple cultivars
are highly conserved, their primary flavor variations reside in the
emission intensities of volatile aroma compounds, particularly
sulfide-like constituents.

Comparative metabolomic profiling and
metabolic pathway analysis

To systematically resolve the chemical disparities among VG, RX,
RXH, and RFJ apple cultivars, a comprehensive untargeted meta-
bolomic analysis was performed. Principal component analysis
(PCA) revealed distinct segregation profiles among the four cultivars,
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indicating that their global metabolic phenotypes are highly
differentiated at the metabolite level (Fig. 5a). A hierarchical cluster-
ing heatmap of all differentially accumulated metabolites (DAMs)
further illustrated their explicit abundance and accumulation
patterns across the groups (Fig. 5b). Regarding metabolic pathway
regulation, Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis demonstrated that these metabolic alterations
were predominantly driven by carbohydrate and amino acid meta-
bolism Supplementary Table S1. Notably, the pentose phosphate
pathway emerged as the most significantly enriched metabolic
cascade, followed sequentially by glycolysis/gluconeogenesis and
branched-chain amino acid biosynthesis (Fig. 5c). Furthermore, a
network pathway-metabolite association map visually delineated
the integration of core metabolic intermediates within these path-
ways (Fig. 5d). For instance, glucose 6-phosphate and fructose
6-phosphate were identified as shared key substrates simultane-
ously bridging glycolysis and the pentose phosphate pathway,
while specific amino acids, such as isoleucine and L-arginine, played
pivotal roles within their respective amino acid metabolic network.

Correlation analysis between fruit quality
attributes and metabolomic profiles

To investigate the inner metabolic networks governing fruit
quality, a correlation analysis was performed between primary
fruit quality traits and differentially accumulated metabolites in
Zhaotong apples (Fig. 6). As shown in the data associations
presented in the heatmap, TSS and soluble sugars exhibited a
co-varying directional pattern, whereas both indices displayed a
marked inverse alignment with the data profiles of metabolites
such as L-isoleucine, arginine, total free amino acids, 3-phospho-
glyceric acid, and D-glucose 6-phosphate; concurrently, mutually
consistent co-directional distributions were observed among these
amino acid components and sugar phosphate intermediates, with
pyridoxamine phosphate showing fluctuations that aligned with
sugar-related indices yet deviated from free amino acids; in addi-
tion, the variation trend of total acid partially tracked those of TDF
and soluble pectin, while gluconic acid and allantoic acid showed
no pronounced regular patterns across the majority of the evalu-
ated parameters.

Li et al. Fruit Research 2026, 6: €043

Correlation analysis between electronic sensory
attributes and metabolomic profiles

To elucidate the intrinsic linkages and regulatory networks bridg-
ing core metabolites and gustatory taste indicators, a correlation
analysis was executed combining the electronic tongue sensory
profiles and the differentially accumulated metabolite datasets of
the four apple cultivars (Fig. 7). The correlation analysis revealed
that free amino acids, including L-isoleucine and arginine, exhibited
significant positive correlations with key carbohydrate metabolic
intermediates, such as 3-phosphoglyceric acid and D-glucose
6-phosphate. Within the gustatory sensor matrices, positive correla-
tions were observed among bitterness, astringency, and aftertaste
attributes (Aftertaste-A and Aftertaste-B). Conversely, saltiness dis-
played a widespread and distinct negative correlation with the afore-
mentioned primary free amino acids and glycolytic intermediates.
Furthermore, D-fructose 6-phosphate and pyridoxamine phosphate
manifested a pronounced negative correlation and antagonistic
relationship with the majority of the aforementioned polysaccha-
ride and amino acid metabolic indicators. In conclusion, these find-
ings demonstrate that the overall gustatory flavor quality of Zhao-
tong apples (encompassing sourness, bitterness/astringency, and
saltiness) is dynamically driven by the synergistic interactions and
reciprocal flux variations between internal primary metabolites,
particularly carbohydrates and free amino acids.

Discussion

In the field of apple fruit quality research, recent multi-dimen-
sional advancements bridging phenotypic characteristics, nutri-
tional values, flavor profiles, and metabolic regulation networks
have provided vital frameworks for elucidating quality formation
across different cultivars. Currently, global research on apple quality
primarily centers on genetic background-driven phenotypic diffe-
rentiation, the antioxidant efficacy of secondary metabolites, the
construction of electronic sensory flavor wheels, and multi-omics-
driven molecular regulatory mechanisms(816:31-331,

Studies have demonstrated that physical phenotypes and primary
physicochemical indicators serve as the most straightforward deter-
minants governing commercial value and market positioningl'¢l,
Different plant lines exhibit variations in metabolic signaling; for
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example, different beet varieties typically show unique morphologi-
cal characteristics and differences in sugar and acid accumulation
under specific ecological nichesB4. Concurrently, with the expan-
sion of health-conscious consumer demands, the 'composition-
activity' synergistic networks of secondary and primary functional
constituents—such as polyphenols, anthocyanins, flavonoids, and
vitamins—have emerged as crucial research priorities, with poly-
phenols and anthocyanins frequently corroborated as the core
contributors to in vitro antioxidant capacity in plants>3>36], Regard-
ing flavor perception, utilizing electronic nose (e-nose) and elec-
tronic tongue (e-tongue) systems to delineate fruit flavor evolution
from both volatile and gustatory dimensions has become highly
sophisticated”371. Most investigations emphasize the structural
overlap of core tastes (such as sweetness and umami) along with
intensity variations in the release of specific volatile organic
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compounds, including sulfides, esters, and nitrogen oxides[3sl.
Furthermore, the introduction of untargeted metabolomics paired
with correlation networks has yielded breakthroughs in linking
macroscopic quality parameters to microscopic molecular path-
ways3940], Specifically, the dynamic coordination and reciprocal flux
shifts between carbohydrate metabolism (e.g., glycolysis and the
pentose phosphate pathway) and amino acid metabolic networks
are widely recognized as the fundamental mechanisms driving qua-
lity diversification during fruit development and ripening#1-431,

The findings of this study demonstrate that under the low-
latitude and high-altitude ecological conditions of Zhaotong, the
fruit diameter and single-fruit weight of the three mid-maturing
cultivars—'Golden Venus' (VG), 'Ruixue' (RX), and 'Ruixianghong'
(RXH)—exhibit a high degree of uniformity. Conversely, the trans-
verse diameter and single-fruit weight of the traditional
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late-maturing cultivar 'Red Fuji' (RFJ) are significantly greater than
those of the mid-maturing cultivars, while its longitudinal diameter
displays no statistically significant difference. This underscores that
RFJ fruits within this ecological niche predominantly exhibit robust,
lateral-development growth characteristics. Regarding primary
physicochemical quality, the mid-maturing cultivars display a promi-
nent 'high-sugar' attribute; their TSS and total soluble sugar
contents are significantly superior to those of RFJ. This indicates that
the intense sunlight and substantial diurnal temperature variations
characteristic of the high-altitude Zhaotong region effectively stim-
ulate carbohydrate assimilation and accumulation in mid-maturing
cultivars. Nevertheless, the four apple cultivars exhibit distinct speci-
ficities in structural components and free amino acids: VG is highly
enriched in soluble pectin, establishing the biochemical foundation
for its unique flesh texture; RX possesses a significantly higher total
acidity (TA) and TDF content, resulting in a more multi-layered
sweet-and-sour flavor profile and higher nutritional value; and RFJ,
despite its lower sugar accumulation, exhibits a significantly higher
total free amino acid content compared to the mid-maturing vari-
eties, thereby supplying the substrates for its gustatory diversity.
In terms of nutrition and antioxidant capacity, the RXH cultivar
possesses significantly higher total phenolic and total anthocyanin
contents than the other three groups, coinciding with the highest
ABTS and DPPH radical scavenging activities. This trend is strongly
and positively correlated with polyphenol and anthocyanin con-
centrations, confirming that phenolic secondary metabolites are
the core functional constituents driving the in vitro antioxidant
potential of Zhaotong applesB044-46l. Additionally, VG displays the

Li et al. Fruit Research 2026, 6: €043

highest levels of vitamin C (VC) and vitamin E (VE), highlighting its
excellent functional potential as a source of micronutrients.

From an electronic sensory perspective, the four apple cultivars
share highly conserved volatile and gustatory flavor frameworks.
E-nose profiling indicates that all samples elicit intense responses
on the W1W (sulfides) and W5S (nitrogen oxides) sensors. Notably,
the RX cultivar displays a significantly higher response value on the
W1W sensor, suggesting an abundant accumulation of sulfide-like
volatile compounds that contribute to its rich aroma profile,
whereas VG exhibits the weakest overall volatile response. The e-
tongue radar charts reveal a high degree of overlap in the taste
profiles across all four cultivars, with 'umami' and 'sweetness' acting
as the absolute dominant core attributes. At a micro-analytical level,
RXH displays a marginally higher sweetness response, which aligns
with its high-sugar and low-acid sensory experience. Concurrently,
the slightly stronger responses of RFJ to sourness and saltiness
indices reflect its unique flavor coordination effects.

Untargeted metabolomic analysis further verifies that the four
apple cultivars achieve distinct and clear phenotypic segregation
across global metabolite profiles, with core metabolic alterations
predominantly clustered within carbohydrate and amino acid path-
ways. Among all differentially regulated pathways, the pentose
phosphate pathway (PPP) and glycolysis/gluconeogenesis are the
most significantly enriched. As shared key intermediates, the flux
and abundance variations of glucose-6-phosphate and fructose-6-
phosphate directly modulate primary quality traits across different
cultivars. Meanwhile, the enrichment of differential metabolites
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such as isoleucine and L-arginine within the branched-chain amino
acid and arginine metabolic pathways directly participates in regu-
lating free amino acid pools.

Multidimensional correlation analysis provides a deeper elucida-
tion of the 'carbon-nitrogen balance and electronic sensory regula-
tory network' that governs fruit ripening and flavor development.
The correlation datasets reveal that free amino acids, including L-
isoleucine and arginine, are significantly and positively correlated
with carbohydrate metabolic intermediates such as 3-phosphoglyc-
eric acid, indicating a high degree of intrinsic synergy between
carbon and nitrogen source supplies during primary metabolism.
However, the final quality indices (TSS and soluble sugars) display
prominent and statistically significant negative correlations with
these primary free amino acids as well as the total free amino acid
pool. This trade-off reveals that during fruit development and ripen-
ing, Zhaotong apples actively initiate amino acid transformation and
consumption to maintain high-level accumulation of soluble carbo-
hydrates and TSS. Furthermore, correlation analysis integrating elec-
tronic sensory profiles with differential metabolite matrices indi-
cated that electronic-tongue sourness scores were significantly
associated with key glycolytic intermediates (3-phosphoglyceric
acid and glucose 6-phosphate), whereas fructose 6-phosphate and
pyridoxamine phosphate exhibited pronounced potential correla-
tions with the majority of polysaccharide and amino acid indices.

This uncovers a biochemical network governing sugar-acid co-
metabolism in apples at the molecular level, which aligns closely
with previously reported associations between the tricarboxylic acid
(TCA) cycle and carboxylic acid metabolic networks. Additionally,
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the negative correspondence of saltiness scores with major free
amino acids and carbohydrate intermediates echoes previous find-
ings regarding how distinct metabolite profiles modulate human
taste-neural processing!’-491, Simultaneously, the positive correla-
tion linkage among bitterness, astringency, and aftertaste (After-
taste-A and Aftertaste-B) indicates a coexistence and synergistic
interplay among internal flavor-active compounds dominated by
polyphenols or specific amino acids. In conclusion, the essential
disparities among the four cultivars are dynamically driven by the
synergistic interactions and reciprocal flux variations within primary
metabolic networks, particularly carbohydrate and free amino acid
pathways.

Conclusions

In conclusion, this study demonstrates that under the low-
latitude and high-altitude ecological conditions of the Zhaotong
region, the three introduced mid-maturing apple cultivars—VG,
RX, and RXH—exhibit distinct physicochemical quality attributes
and prominent functional nutritional profiles compared to the
traditional late-maturing RFJ. Notably, RXH showed remarkable
polyphenol accumulation and antioxidant potential, whereas VG
was characterized by superior vitamin levels. Furthermore, the multi-
dimensional differentiation in flavor profiles (encompassing elec-
tronic tongue sensor responses and characteristic volatile features)
across the four cultivars is closely associated with divergent patterns
in primary metabolic networks, particularly involving carbohydrate
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metabolism (glycolysis and related sugar transformations) and free
amino acid pathways. Overall, these findings elucidate the charac-
teristic phenotypic, sensory, and metabolic signatures of Zhaotong
specialty apples, establishing an objective empirical basis and scien-
tific framework for regional germplasm evaluation, cultivar opti-
mization, and precise postharvest utilization.
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